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Abstract
Molybdenum abundances in the stars from 13 different open clusters were
determined. High-resolution stellar spectra were obtained using the VLT tele-
scope equipped with the UVES spectrograph on Cerro Paranal, Chile. The
Mo abundances were derived in the LTE approximation from the Mo I lines
at 5506 A˚ and 5533 A˚. A comparative analysis of the behaviour of molyb-
denum in the sampled stars of open clusters and Galactic disc show similar
trends of decreasing Mo abundances with increasing metallicities; such a be-
haviour pattern suggests a common origin of the examined populations. On
the other hand, the scatter of Mo abundances in the open cluster stars is
slightly greater, 0.14 dex versus 0.11 dex. The results are discussed, consid-
1
ering the abundance trends with the age of clusters and distances from the
center of the Galaxy.
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1 Introduction
The distribution of elemental abundances in different Galactic substructures is es-
sential for the study of the evolution of the Milky Way, and of the nucleosynthesis
processes in stars. The nucleosynthesis of Molybdenum (Mo, Z=42) is not been fully
understood. Galactic chemical evolution (GCE) simulations estimated that about
40% of the solar Mo is made by the s-process(slow process of neutron capture), while
the r-process (rapid process of neutron capture) contribution is uncertain (e.g., [1]).
Mo is most likely characterized also by a contribution from different explosive nu-
cleosynthesis processes in collapsing supernovae (CCSNe) that is not associated to
the r-process. Therefore, the study of Mo abundance observed in the Galactic disc
is a challenging task for current GCE simulations [2, 3].
From a theoretical point of view (in terms of nucleosynthesis), low- and moderate-
mass asymptotic giant branch (AGB) stars (the main s-process) [4, 5, 6, etc.], mas-
sive stars (the weak s-process) (e.g., [7, 8, 9, 10]) and fast-rotating massive stars
[11] are the different s-process sources of Mo. Neutrino-driven winds from CCSNe
may play an important role [12, 13, 14, 15, etc.] , while the r-process contribution
might be associated to one or more possible sources, e.g., neutron star - neutron star
mergers [16, 17, 18, 19, 20]. The studies of the r-process and its components in the
Galaxy are actively carried out nowadays (for further details refer to [18, 21, 22].
The underproduction of light isotopes of molybdenum (92 and 94 Mo) in proton-
capture reactions in CCSNe (e.g., [23, 24]) remains matter of debate. Additionally,
some other processes have been investigated like the intermediate neutron-capture
process (the i-process, [25]) from different stellar sources, e.g, from rapidly-accreting
white dwarfs (RAWDs) [26].
From an observational point of view, the Mo abundance was thoroughly inves-
tigated in metal-poor stars (e.g., [27, 28, 29, 30, 31, 32]). In the studies of turnoff
stars, Peterson [28,29] found overabundances of Mo (up to 1 dex) which had not
been detected in the field and globular cluster giants (e.g. [33, 34, 35, 36]). In
order to explain the obtained overabundances of Mo, Peterson [28] suggested that it
was the low-entropy domain of a high-entropy wind (HEW) above the neutron star
formed in a Type II supernova that was responsible for the additional molybdenum
production (e.g. [37]). Later, Hansen et al. [31], having conducted a survey of
71 metal-poor field stars, confirmed the expected enrichment from HEWs and sug-
gested that several other sources namely, the proton-capture process (p-process),
the s-process or the r-process could also be responsible for the Mo formation.
By determining the Mo abundances in the Galactic disc stars, Mishenina et al. [3]
expanded the range of metallicities (up to [Fe/H] ≈ 0.3 dex) for stars with specified
Mo abundances. The analysis using two different GCE codes [1, 38] showed that, in
comparison with the calculated s-process yields in AGB stars, there was a missing
s-process contribution of about 20% (e.g. [1, 6]). Some missing production from
explosive nucleosynthesis was also identified from looking at the overall pattern of
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[Mo/Fe]. Prantzos et al. [39] also estimated the contributions of the s-process and
r-process to the solar isotopic and elemental abundances: 0.497 from the s-process
(about 10% higher compared to [3]), 0.275 for the r-process and 0.228 from the
p-process.
When investigating the Mo enrichment of the Galactic disc with a wider sample
of Galactic substructures, we have focused on open clusters (OCs) which belong to
the Galactic disc, but at the same time can be considered separate subpopulations of
this formation. The study of stellar abundances in OCs may provide some additional
information about the disc enrichment and structure. If we accept the scenario
where open clusters and stellar associations are formed within dense molecular clouds
showing chemical compositions similar to those of their members, and later they
are dispersed throughout the disc, contributing to its formation [40, 41], then it is
crucial to carry out a comparative study of distinguishing aspects of the chemical
composition of stars in OCs and Galactic disc.
This study aims to determine the Mo abundances in the open cluster stars, to
examine the molybdenum enrichment of OCs and analyse the features of the Mo
abundance behaviour in the Galactic disc.
2 Stars under examination, observations and stel-
lar parameters
For the purposes of this study, we have selected stars belonging to 13 open clusters
from the list of stars which, along with the detailed description of the spectral data
and determinations of main parameters, was taken from [42, 43]. The main parame-
ters of the examined clusters are given in Tabl.1, including galactic coordinates (for
J2000.0), galacto-centric distance RGC and age, while atmospheric parameters of
cluster stars are presented in Tabl.2, with memberships in the last column (Mem).
Now let us give a summary of the main characteristics of spectra, stars and clusters.
The spectra of the selected stars were obtained using a high-resolution ultra-
violet and visible light echelle spectrograph (UVES) ensuring the resolving power
R = 47,000 at the wavelength range 4760–6840 A˚A˚, which is installed at the VLT
telescope operated by the European Southern Observatory (ESO) on Cerro Paranal,
Chile. In the study by Mishenina et al. [42], we adopted stellar parameters reported
by Carraro et al.[40] and Magrini et al.[44]. Effective temperatures Teff were derived
from the photometric data using the calibration described in [45] further adjusted
for the correlation between the iron abundance determined from a certain line and
lower-level excitation potential for that line. Surface gravities log g were determined
using a canonical formula (for further details refer to [40]).
In order to test the atmospheric parameters reported in [40] and in our work
[42], two stars in each of two open clusters, namely Ruprecht 4 and Ruprecht 7, were
selected; we compared the measured equivalent widths EWs of lines in these two
stars, as well as the effective temperatures Teff estimated in [42] using calibrations
of the line-depths ratios for different lower-level excitation potentials developed by
Kovtyukh et al. [46]. The comparison yielded a good agreement (see in detail in [42])
for both equivalent widths EWs and effective temperatures Teff , and the atmospheric
parameters reported in [40, 44] were adopted in the study. In [43], the parameters
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Table 1: Main characteristics of the investigated clusters
Name l b RGC age References
deg deg kpc Gyr
Berkeley 75 234.30 11.12 9.8 3.0 [47]
Berkeley 25 226.60 9.69 11.3 4.0 [47]
Ruprecht 7 225.44 4.58 6.5 0.8 [48]
Ruprecht 4 222.04 5.31 4.9 0.8 [48]
Berkeley 73 215.28 9.42 9.7 1.5 [47]
NGC6192 340.65 2.12 1.5 0.18 [49]
NGC6404 355.66 -1.18 1.7 0.5 [50]
NGC6583 9.28 -1.53 2.1 1.0 [50]
Collinder 110 209.649 -1.927 10.2 1.3 [51]
Collinder 261 301.684 -5.528 7.5 7.0 [52]
NGC 2477 253.563 -5.838 8.9 0.6 [53
NGC 2506 230.564 9.935 10.9 1.9 [54]
NGC 5822 321.577 3.585 7.9 0.45 [55]
were determined by applying the afore-described technique, in particular Teff was
determined by calibrating the line-depths ratios for different lower-level excitation
potentials [46]. The gravity log g was obtained from the iron ionisation balance.
The microturbulent velocity Vt was derived factoring in that the iron abundance
logA (Fe) derived from the specified Fe I line did not correlate with the EW of
that line. A comparison of the atmospheric parameters with those reported in the
literature showed a good agreement [43].
Table 2: Main characteristics and Mo abundances
Cluster/ID Teff , K log g [Fe/H] Vt, km/s [Mo/Fe] σ, ± Mem
Berkeley 25
10 5000 2.9 0.10 1.65 0.09 NM
12 4870 2.75 -0.20 1.50 0.12 M
13 4860 2.65 -0.17 1.73 0.24 M
Berkeley 73
12 5030 2.78 -0.39 1.40 0.35 0.22 NM
13 5730 4.15 0.17 0.99 -0.14 0.16 NM
15 5070 3.12 -0.38 1.04 0.28 0.04 NM
16 4890 2.71 -0.18 1.45 0.09 0.05 M
18 4940 2.88 -0.27 1.32 0.17 0.03 M
19 5870 4.23 -0.03 1.40 0.10 0.07 NM
Berkeley 75
9 4968 2.57 -0.44 1.5 0.06 0.01 NM
22 5180 3.37 -0.22 1.21 0.13 0.06 M
Collinder 110
1122 4954 2.60 -0.06 1.20 -0.03 0.06 M
1134 4940 2.60 0.02 1.20 -0.19 0.03 M
1149 4906 2.60 -0.01 1.20 -0.03 0.08 M
4
1151 4956 2.60 0.02 1.20 -0.04 0.02 M
2129 4933 2.60 -0.04 1.20 -0.08 0.00 M
3122 4758 2.40 -0.03 1.00 -0.20 0.03 M
Collinder 261
2269 4575 2.40 -0.02 1.20 -0.11 0.07 M
2291 4746 2.50 0 1.20 -0.13 0.07 M
2309 4746 2.50 0 1.20 -0.11 0.04 M
2311 4778 2.50 -0.02 1.15 -0.06 0.07 M
2313 4674 2.50 -0.01 1.20 -0.03 0.06 M
Ruprecht 4
3 5180 2.63 -0.07 1.56 0.22 0.10 M
4 5150 2.52 -0.04 1.66 0.11 0.12 M
8 5190 2.64 -0.16 1.40 0.23 0.02 M
18 5040 3.17 -0.35 1.20 0.19 0.07 NM
Ruprecht 7
2 5160 2.12 -0.34 1.62 0.21 0.00 M
4 5105 2.05 -0.24 1.90 0.06 0.07 M
5 5230 2.19 -0.27 2.10 0.30 0.00 M
6 5230 2.23 -0.20 2.08 0.28 0.11 M
7 5150 2.40 -0.25 1.82 0.27 0.00 M
NGC 2477
4027 4969 2.60 0.10 1.20 -0.03 0.00 M
4221 4728 2.40 0.19 1.00 -0.15 0.04 M
5043 5040 2.60 0.08 0.90 -0.29 0.07 NM
5076 4992 2.60 0.18 1.00 -0.17 0.01 M
7266 4974 2.60 0.19 1.20 -0.21 0.02 M
7273 4993 2.60 0.20 1.15 2 -0.23 0.04 M
8216 4945 2.70 0.14 1.20 -0.25 0.07 NM
NGC 2506
1112 4969 2.60 -0.22 1.20 0.10 0.20 M
1229 4728 2.40 -0.22 1.00 -0.09 0.04 M
2109 5040 2.60 -0.22 0.90 0.13 0.07 NM
2380 4992 2.60 -0.19 1.00 0.04 0.35 M
3231 4974 2.60 -0.22 1.20 0.11 0.11 M
5271 4993 2.60 -0.24 1.15 0.02 0.09 M
NGC 5822
13292 5010 2.8 0.04 1.20 -0.05 0.11 M
16450 4972 2.6 -0.02 1.20 -0.04 0.11 NM
18897 5030 2.7 -0.02 1.00 -0.10 0.19 M
2397 5036 2.8 0.02 1.10 -0.14 0.13 M
NGC 6192
9 5050 2.30 0.19 1.75 -0.07 0.07 M
45 5020 2.55 0.08 1.60 0.07 0.01 M
96 5050 2.30 0.13 2.10 0.04 0.07 M
137 4670 2.10 0.07 1.80 -0.09 0.03 M
NGC 6404
5 5000 1.00 0.05 2.60 -0.08 0.14 M
5
NGC 6583
46 5100 2.95 0.40 1.45 -0.17 0.11 M
3 Determination of the Mo abundance
The abundances of molybdenum were derived in the LTE approximation from the
Mo I lines at 5506.493 A˚ (log gf = 0.06) and 5533.031 A˚ (log gf = -0.069) using the
Castelli and Kurucz models [56] and a modified spectral synthesis code STARSP
[57]. The lists of lines and oscillator strengths were taken from the latest version
of the Vienna Atomic Line Database (VALD) [58] revised in 2016. The adopted
LTE solar Mo abundance was logA (Mo)⊙ = 1.88±0.08 [59]. Fig.1 illustrates the
observed spectrum of star NGC 2477 (4027) fitted with the calculated (synthetic)
spectrum in the region of the Mo lines. The derived molybdenum to iron abundance
ratios in the open cluster stars relative to the solar [Mo/Fe] ratios are given in Tabl.2.
3.1 The estimated impact of the parameter accuracy on the
Mo abundance determination
Tabl.3 presents the estimated impact of the parameter accuracy on the Mo abun-
dance determination in a star of the open cluster Cl* Ruprecht 7 CGM 4 with the
atmospheric parameters Teff/log g/Vt/[Fe/H] = 5190/2.64/1.4/-0.16 for the follow-
ing parameter variation values: δTeff= +100 K; δlog g= +0.2 km/s; δVt= 0.2 km/s,
and the fitting of spectrum is +0.03. The total error is given in the last column la-
beled Total. The parameter variation values taken from an earlier study conducted
by Mishenina et al. [43] correspond to the accuracy of the measured parameters. As
can be seen from Tabl.3, the error in the Mo abundance determination is 0.14 dex.
3.2 Comparison with the results obtained by other authors
for the open cluster stars
The abundances of Mo for the clusters in common with this study have only been
reported in [60] just for one open cluster, namely Collinder 261. In the study [60], the
Mo I lines used to determine the Mo abundances were different from those employed
in our study – in particular, they used the Mo I lines at 5570.44 A˚ (loggf = -0.34),
5751.41 A˚ (loggf = -1.01) and 6030.64 A˚ (loggf = -0.52) with the Mo atomic data
taken from [61] and modelled each feature as a single line. There are no examined
stars in the Collinder 261 cluster in common with the study of Overbeek et al. [60];
we can compare only the cluster mean metallicity < [Fe/H ] > and Mo abundance
< [Mo/Fe] >, which are as follows: < [Fe/H ] >our = -0.01, < [Mo/Fe] >our = -
0.09 and< [Fe/H ] >Over = -0.06, < [Mo/Fe] >Over = -0.05 (our determinations and
those reported in [60], respectively). The cluster mean metallicity < [Fe/H ] >Over
is 0.05 lower while the mean Mo abundance < [Mo/Fe] >Over is 0.04 higher than
our values, but they all agree within the errors.
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Figure 1: Spectra in the region of Mo I lines at 5506 A˚ and 5533 A˚ for NGC
2477 (4027). Observed (asterisks) and calculated (dashed line) depicting a change
of 0.1 dex in the Mo abundance and a dotted line which does not factor in the Mo
contribution.
Table 3: Impact of the parameter accuracy on the Mo abundance determination,
OC’s star Ruprecht 7 (4) (5190/2.64/1.4/-0.16)
Element δTeff δlog g δVt fit Total
Mo I 0.13 0.06 0.01 0.03 0.14
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Table 4: The mean metallicities and Mo abundances for the examined clusters.
Name < [Fe/H ] > < [Mo/Fe] > σ n
Berkeley 25 -0.18 0.18 0.08 2
Berkeley 73 -0.22 0.13 0.06 2
Berkeley 75 -0.22 0.13 – 1
Collinder 110 -0.02 -0.09 0.08 6
Collinder 261 -0.01 -0.09 0.04 5
Ruprecht 4 -0.09 0.19 0.05 3
Ruprecht 7 -0.22 0.22 0.10 5
NGC 2477 0.17 -0.16 0.08 5
NGC 2506 -0.22 0.04 0.08 5
NGC 5822 0.01 -0.09 0.05 3
NGC 6192 0.12 -0.01 0.08 4
NGC 6404 0.11 -0.08 – 1
NGC 6583 0.4 -0.17 – 1
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Figure 2: Comparison of the resulting mean Mo abundances for the open clusters
(the values derived in this study are plotted using circles with dots inside while those
from [60] are marked as filled circles) and for the disc stars [3] (marked as asterisks).
4 Results and discussion
The mean Mo abundances for the members of the target clusters are given in Tabl.4,
averaging was carried out over the values of the Mo abundance for cluster members
(n). The comparison of the mean Mo abundances for the open clusters in this work
and in [60], and also for the disc stars [3] is presented in Fig.2.
As can be seen in Fig. 2, there are superimposing data sets which are coincident
within the errors and show similar dependences (trends) of decreasing Mo abun-
dances with increasing metallicities in the open clusters and disc stars. Moreover,
the observational data from [60] show greater number of clusters with the Mo abun-
dances that are high, but still within the range of values for the Galactic disc stars
nevertheless.
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Table 5: The mean [Mo/Fe] and [Eu/Fe] ratios and respective standard errors (σ)
in the examined objects.
Objects/Reference <[Mo/Fe]> σ, ± n <[Eu/Fe]> σ, ± n
Galactic disc [3] 0.08 0.11 163 0.07 0.11 197
OC’s (this work), [43] 0.02 0.14 13 0.14 0.13 11
OC’s [60] 0.11 0.14 23 -0.05 0.14 23
OC’s [54, 62, 63, 64] — – – 0.11 0.08 33
4.1 The mean Mo abundances and respective scatter in dif-
ferent stellar populations of the Galactic disc
We compared the mean molybdenum < [Mo/Fe] > and europium < [Eu/Fe] >
abundance ratios, as well as respective standard error (σ), determined for the open
cluster stars in this study and in [60], with the mean values for the disc dwarfs from
[3] and the open cluster < [Eu/Fe] > ratios reported in a series of papers by Reddy
et al. [54, 62, 63, 64]. In Tabl.5, europium is selected additionally as the second
(reference) element in common with our precedent study [43], based on the same
spectra and used the same parameters as in this work, and in [60]. Unfortunately,
no Mo abundances were reported in the studies by Reddy et al. [54, 62, 63, 64].
Values n represent the number of either clusters or disc dwarfs.
As can be seen from Tabl.5, the mean ratio < [Mo/Fe] >Over = 0.11 is close
to the mean value for the disc stars (0.08); however, for two set of OC’s the ratios
< [Mo/Fe] >our = 0.02 and < [Mo/Fe] >Over differ from each other, and this
difference makes -0.09. A direct comparison of the results for the open cluster
Collinder 261 also yields such a difference (offset). Although this difference is within
the Mo abundance determination error (as specified above, this error is about 0.14
dex), it is indicative of the systematic offset which may be associated with different
approaches and methods applied in these two studies, in particular different Mo
lines, i.e. Mo atomic data used in the present study and in [60].
As for the scatter (dispersion) of Mo abundance, the dispersion for stars inside
the considered clusters does not exceed 0.08 dex with the exception of Ruprecht
7 (0.1 dex, see Tabl.4 ); at the same time, for the two sets of considered open
clusters, the scatter is the same, obtained in this work and in [60], and equals to
0.14 dex, which is slightly larger than for disk stars (0.11 dex), but this is within
the determining error of the molybdenum abundance (0.14 dex).
A comparison between the mean Eu abundances obtained in this study< [Eu/Fe] >our
and in [60]< [Eu/Fe] >Over shows a difference of about 0.2 dex, the< [Eu/Fe] >Over
ratio is lower than our ratios for both the open cluster stars and disc stars (Tabl.5).
Therefore, we make an additional comparison between the < [Eu/Fe] >our ratio
obtained in this study and the < [Eu/Fe] >Reddy ratio reported in a series of stud-
ies by Reddy et al. covering a larger sample of clusters [54, 62, 63, 64]. As noted
earlier, due to the fact that no Mo abundances are available from [54, 62, 63, 64],
we add another comparison (Tabl.6) with the yttrium and lanthanum abundances
reported in [54, 62, 63, 64]. As can be seen in Tabl.5, the Eu abundances in the disc
stars and open clusters (for the sets sampled in our studies and in [54, 62, 63, 64])
are similar while the values reported in [60] are different from all the others; the Eu
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Table 6: Comparison of the mean values of [Y/Fe], [La/Fe] and [Eu/Fe] ratios
obtained in this study and in a series of the open cluster studies by Reddy et al.
[54, 62, 63, 64] for 11 and 33 sampled clusters, respectively
< [Y/Fe] > σ, ± < [La/Fe] > σ, ± < [Eu/Fe] > σ, ± References
0.04 0.11 0.11 0.09 0.14 -0.13 this study
0.07 0.06 0.06 0.12 0.11 0.08 [54, 62, 63, 64]
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Figure 3: [Mo/Fe] vs. age of clusters is shown for data in this study (empty circles
with central dot) and by [60] (filled circles). Slopes from the different sets are shown
with continuous line and dashed line, respectively.
abundance scatter in the open clusters (sampled in this study and in [60]) is greater
than the cluster values in [54, 62, 63, 64] and those for the disc stars in [3].
The difference resulted from the comparison of the Eu abundances obtained in
this study (< [Eu/Fe] >our = 0.14) and those in [60] (< [Eu/Fe] >Over = -0.05)
may be associated with a greater number of distant clusters examined in [60] as
compared to this study; moreover, these distant clusters may be responsible for
some variations in the mean ratios due to the possible presence of the abundance
gradients in the Galaxy.
4.2 The abundances of Mo in stellar clusters as a function
of the cluster age and distance to the Galactic centre
RGC
The Mo abundance behaviour as a function of the cluster age and distance to the
Galactic centre RGC was investigated in [60]. However, the reported results were
subject to a sufficient degree of uncertainty as the absence of data from other studies
did not allow the authors to compare their results and thus draw more reasonable
conclusions. Let us examine the Mo abundance behaviour taking into account our
newly obtained determinations. The dependences of the [Mo/Fe] ratios on the clus-
ter age and distance to the Galactic center (i.e. Galactocentric radius) RGC are
plotted in Figs. 3, and 4, respectively, for two sets of clusters examined in this
study and in [60].
As is seen from Fig. 3, there is hardly any correlation between the Mo abundance
10
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Figure 4: As for Figure 3, but [Mo/Fe] vs. Galactocentric radius RGC is shown.
and age of the cluster. From our set of data, the slope is 0.006±0.021 dex Gyr−1.
From [60] the slope is -0.0121±0.013 dex Gyr−1, that is consistent with our results
within the errors. As reported in [60], there is no visual suggestion of a trend with
age when the cluster Berkeley 17 (which is 10.2 Gyr old) is excluded from the sample.
Our results confirm this conclusion.
As regards the dependence of [Mo/Fe] on the Galactocentric radius RGC (Fig.
4), our results show a small gradient of 0.007±0.020 dex kpc−1. The slope for the
data reported by Overbeek et al.[60] is 0.014±0.013 dex kpc−1. Also in this case,
our results are consistent with [60], confirming that there is no significant trend with
Galactocentric radius.
We also considered the abundance trend of the combined Mo data with respect
to the age and Galactocentric radii for the entire list of clusters in the combined
sample. There is no correlation between the Mo abundance ratio [Mo/Fe] and age
of the cluster (slope = -0.001±0.010 dex Gyr-1) for the combined sample of clusters.
As noted earlier, Mo is made by different processes consistently with this scenario,
the resulting Mo abundance trend does not follow the trend of typical s-process
elements like Zr, La and Ba [65]. This confirms that it is not the s - process that
dominates the Mo production in the galactic disk (e.g., [1, 6, 3]).
The compiled [Mo/Fe] trend with the Galactocentric radius RGC for all the
sampled clusters is represented with a slope of 0.018±0.009 dex kpc−1, which is
similar to the slope of 0.015 ± 0.013 dex kpc−1 reported in [60], but is of a higher
statistical significance level (p-value). It is essential and interesting to compare the
degree of correspondence between this trend for Mo and a compiled trend for Eu,
which is an element produced mainly by the r-process, reported in [60] (a slope of
0.039 ± 0.010 dex kpc−1) and other studies. Jacobson & Friel [65] reported a slope
of 0.047 dex kpc−1 while Yong et al. [66] determined the abundance gradient for
two ranges of distances, in particular 0.07 ± 0.01 dex kpc−1 for RGC < 13 kpc and
0.01 ±0.00 dex kpc−1 for RGC > 13 kpc. As discussed in Overbeek et al. [60], a
scatter in the [Eu/Fe] ratios among different sources was up to 0.3 dex due to the
differences in atomic data and techniques used for the EW measurements of lines.
Our data are in agreement with such a value: the difference between the mean
abundances for the clusters examined in this study and in [60] is 0.19 dex (Table 5).
However, when considering only Eu abundance in clusters sampled in [66, 67] within
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Figure 5: [Eu/Fe] vs. [Fe/H] for three samples of open clusters: the values from [43]
are plotted using circles with dots inside; the data from [60] are marked as filled
circles while those from [54, 62, 63, 64] are represented with blue squares.
the range of Galactocentric radii adopted in [60], Overbeek et al. [60] found a slope
of [Eu/Fe] of 0.031 ± 0.023 dex kpc−1, which was consistent with the resulting slope
of the regression line of 0.039±0.010 dex kpc−1 [60]. Despite some inconsistency in
the determinations of the slope for [Eu/Fe] by different authors, the slope of the
Mo abundance with the Galactocentric radius derived in this study is significantly
smaller compared to that of Eu. If we consider the [Mo/Fe] ratios for the target
clusters within the range of RGC < 13 kpc, the relevant slope will be 0.007±0.012 dex
kpc−1. Since Mo does not behave like the r-process element Eu, this also confirms
that the production of Mo is not dominated by the the r-process. However, it is not
feasible to carry out a quantitative estimation of these contributions.
For the comparison of the Mo and Eu trends, we used the Eu abundance deter-
minations for open clusters from [43], [60] and [54, 62, 63, 64], as well as those for
the disc stars reported in [3]. Note that in all the listed references the Eu abun-
dances were determined using the same 6645 A˚ line, with atomic data from [68]
and by a calculated synthetic spectrum as the line is of hyperfine structure and is
slightly blended, though not as much as the other Eu lines [60]. Fig. 5 illustrates
a comparison between the Eu abundances determined by different authors for three
samples of open clusters [43, 60, 54, 62, 63, 64].
A common trend of [Eu/Fe] with [Fe/H], i.e. decreasing Eu abundance with
increasing metallicity, is obvious for all three samples, but the slope for the data
from [60] is steeper. A correlation between [Mo/Fe] and [Eu/Fe] is shown in Fig. 6;
the slope is 0.583 ± 0.068 for the disc stars from [3] (red line); 0.501 ± 0.305 for
the open clusters from [43] (black line) and 0.333 ± 0.207 for the sample from [60]
(dashed line).
When neglecting the difference between systematic errors in these studies, it is
evident that all three samples exhibit similar trends of [Mo/Fe] with [Eu/Fe]. The
resulting slopes confirm that the contribution of the r-process to the molybdenum
enrichment is not significant as compared to its contribution to the europium abun-
dance.
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Figure 6: [Mo/Fe] vs. [Eu/Fe] for the Galactic disc sample from [3] (dots) and for
the open cluster samples from [43] (circles with dots inside) and [60] (filled circles).
5 Summary and conclusions
1. The abundances of molybdenum have been derived for the stars in 13 open
clusters in the first time.
2. Similar abundance trends of decreasing Mo abundances with increasing metal-
licities have been found for the open clusters and disc stars; such a behaviour pattern
suggests a common origin of the examined populations.
3. According to the determinations in this study, as well as in the literature,
the open cluster stars exhibit a larger scatter (dispersion) of [Mo/Fe] values as
compared to the disc dwarfs (is slightly greater, 0.14 dex versus 0.11 dex). It may
be due to both methodological errors in the abundance determinations and actual
scatter associated with inhomogeneities in the disc enrichment at different distances
to the Galactic center.
4. The results of this study for the open clusters confirm the absence of OCs
age-dependence of the Mo abundance, as reported earlier in [60].
5. The dependence of the Mo abundance on the Galactocentric radius found in
this study suggests that the s-process (r-process) contribution to the Mo enrichment
is significantly smaller than its contribution to typical s-process (r-process) elements.
As a diagnostic, we used Zr, Ba and La as s-process elements, and Eu as r-process
element.
6. An analysis of the obtained results and the dependences of the Mo content on
the age of clusters and distances from the center of the Galaxy manifest that there is
no correlation between the Mo abundance ratio [Mo/Fe] and age of the cluster (slope
= -0.001±0.010 dex Gyr−1) for the combined sample of clusters. The compiled
[Mo/Fe] trend with the Galactocentric radius RGC for all the sampled clusters is
represented with a slope of 0.018±0.009 dex kpc−1, it is of a higher statistical
significance in comparison with earlier obtained data. This slope is different from
those obtained for s- or r-processes n-capture elements.
13
Acknowlegements
M.P. thanks the support support to NuGrid from STFC (through the University
of Hull’s Consolidated Grant ST/R000840/1), and access to viper, the University
of Hull High Performance Computing Facility. MP also acknowledges the support
from the ”Lendulet-2014” Program of the Hungarian Academy of Sciences (Hun-
gary), from the ERC Consolidator Grant (Hungary) funding scheme (Project RA-
DIOSTAR, G.A. n. 724560), by the National Science Foundation (NSF, USA) under
grant No. PHY-1430152 (JINA Center for the Evolution of the Elements). This ar-
ticle is based upon work from the ChETEC COST Action (CA16117), supported
by COST (European Cooperation in Science and Technology).
References
[1] C.Travaglio et al., Astrophys.J. 601, 864 (2004); https://doi.org/10.1086/380507
[2] N.Prantzos, C. Abia, M. Limongi, A. Chieffi, S. Cristallo, MNRAS 476, 3432
(2018); https://doi.org/10.1093/mnras/stz3154
[3] T.V.Mishenina et al., MNRAS 489, 1697 (2019);
https://doi.org/10.1093/mnras/stz2202
[4] F.Ka¨ppeler, H.Beer, K.Wisshak, Rep. Progr. Phys. 52, 945 (1989);
https://doi.org/10.1088/0034-4885/52/8/002
[5] M.Busso, R.Gallino, G.J.Wasserburg, Ann.Rev. Astron. Astrophys. 37, 239
(1999); https://doi.org/1999ARA&A.37.1.239
[6] S.Bisterzo, C.Travaglio, R.Gallino, M.Wiescher, F.Ka¨ppeler, Astrophys. J. 787,
10 (2014); https://doi.org/10.1088/0004-637X/787/1/10
[7] T.Rauscher, A.Heger, R.D.Hoffman, S.E.Woosley, Astrophys. J. 576, 323 (2002);
https://doi.org/10.1086/341728
[8] M.Pignatari et al., Astrophys. J. 710, 1557 (2010);
https://doi.org/10.1088/0004-637X/710/2/1557
[9] M.Pignatari et al., Astrophys. J. Suppl. 225, 24 (2016a);
https://doi.org/10.3847/0067-0049/225/2/24
[10] U.Frischknecht et al., MNRAS 456, 1803 (2016);
https://doi.org/10.1093/mnras/stv2723
[11] M.Limongi, A.Chieffie, Astrophys. J.Suppl. 237, 13L (2018);
https://doi.org/10.3847/1538-4365/aacb24
[12] R.D.Hoffman, S.E.Woosley, G.M.Fuller, B.S.Meyer, Bull. Amer. Astron. Soc.
26, 1363 (1994); https://doi.org/1994AAS...185.3309H
[13] S.Wanajo, T.Kajino, G.J.Mathews, K.Otsuki, Astrophys. J. 554, 578 (2001);
https://doi.org/10.1086/321339
14
[14] C.Frohlich et al., New Astr. Rev. 50, 496 (2006);
https://doi.org/10.1016/j.newar.2006.06.003
[15] A.Arcones, F.Montes, Astrophys. J. 731, 5 (2011);
https://doi.org/10.1088/0004-637X/731/1/5
[16] C.Freiburghaus, S.Rosswog, F.-K.Thielemann, Astrophys. J. 525, L121 (1999);
https://doi.org/10.1086/312343
[17] R.Surman G.C.McLaughlin, M.Ruffert, H.-Th.Janka, W.R.Hix, Astrophys. J.
679, L117 (2008); https://doi.org/10.1086/589507
[18] F.-K.Thielemann et al., Progr. Part. Nucl. Phys. 66, 346 (2011);
https://doi.org/10.1016/j.ppnp.2011.01.032
[19] B.Wehmeyer, C.Frohlich, B. Coˆte´, M.Pignatari, F.-K.Thielemann, MNRAS
487, 1745 (2019); https://doi.org/10.1093/mnras/stz1310
[20] B.Coˆte´ et al., Astrophys.J. 875, 106 (2019); https://doi.org/10.3847/1538-
4357/ab10db
[21] J.J.Cowan et al. arXiv190101410C (2019);
https://doi.org/2019arXiv190101410C
[22] B.Coˆte´ et al., Astrophys. J. 855, 99 (2018b); https://doi.org/10.3847/1538-
4357/aaad67
[23] S.E.Woosley, W.M.Howard, Astrophys. J. Suppl. 36, 285 (1978);
https://doi.org/10.1086/190501
[24] C.Travaglio et al., Astrophys. J. 854, 18 (2018); https://doi.org/10.3847/1538-
4357/aaa4f7
[25] J.J.Cowan, W.K.Rose, Astrophys. J. 217, 51 (1977);
https://doi.org/10.1086/155551
[26] B.Coˆte´ et al., Astrophys. J. 854, 105 (2018a); https://doi.org/10.3847/1538-
4357/aaaae8
[27] I. I. Ivans et al., Astrophys. J. 645, 613 (2006); https://doi.org/10.1086/504069
[28] R.C.Peterson, Astrophys. J. 742, 21 (2011); https://doi.org/10.1088/0004-
637X/742/1/21
[29] R.C.Peterson, Astrophys. J. 768, L13 (2013); https://doi.org/10.1088/2041-
8205/768/1/L13
[30] I.U.Roederer et al., Astrophys. J. Suppl. 203, 27 (2012);
https://doi.org/10.1088/0067-0049/203/2/27
[31] C.J.Hansen, A.C.Andersen, N.Christlieb, Astron. Astrophys. 568, A47 (2014);
https://doi.org/10.1051/0004-6361/201423535
15
[32] C.M.Sakari et al., Astrophys. J. 854, L20 (2018); https://doi.org/10.3847/2041-
8213/aaa9b4
[33] D.Yong, A.I.Karakas, D.L.Lambert, et al.: Astrophys. J. 689, 1031 (2008);
https://doi.org/10.1086/592600
[34] D.K.Lai et al., Astron. J. 141, 62 (2011); https://doi.org/10.1088/0004-
6256/141/2/62
[35] I.U.Roederer, A.F.Marino, C.Sneden, Astrophys. J. 742, 37 (2011);
https://doi.org/10.1088/0004-637X/742/1/37
[36] A.O.Thygesen et al., Astron. Astrophys. 572, A108 (2014);
https://doi.org/10.1051/0004-6361/201424533
[37] K.Farouqi et al., Astrophys. J. 694, L49 (2009); https://doi.org/10.1088/0004-
637X/694/1/L49
[38] B.Coˆte´, D.W.Silvia , B. W.OShea, B.Smith, J.H.Wise, Astrophys. J. 859, 67
(2018c); https://doi.org/10.3847/1538-4357/aabe8f
[39] N.Prantzos, C.Abia, S.Cristallo, M.Limongi, A.Chieffi, MNRAS 491,1832
(2020); https://doi.org/10.1093/mnras/stz3154
[40] G.Carraro, D.Geisler, S.Villanova, P.M.Frinchaboy, S.R.Majewski, Astron. As-
trophys. 476, 217 (2007); https://doi.org/10.1051/0004-6361:20078113
[41] D.B.Pavani, E.Bica, Astron. Astrophys. 468, 139 (2007);
https://doi.org/10.1051/0004-6361:20066240
[42] T.V.Mishenina, S.A.Korotin, G.Carraro, V.V.Kovtyukh, I.A.Yegorova, Astron.
Astrophys. 433, 1436 (2013); https://doi.org/10.1093/mnras/stt818
[43] T.V.Mishenina et al., Astron. Astrophys. 446, 3651 (2015);
https://doi.org/10.1093/mnras/stu2337
[44] L.Magrini et al., Astron. Astrophys. 523, A11 (2010);
https://doi.org/10.1051/0004-6361/201015395
[45] A.Alonso, S.Arribas, C.Mart´ınez-Roger, Astron. Astrophys.Suppl. 140, 261
(1999); https://doi.org/10.1051/aas:1999521
[46] V.V.Kovtyukh, C.Soubiran, O.Bienayme, T.V.Mishenina, S.I.Belik, MNRAS,
371, 879 (2006); https://doi.org/10.1111/j.1365-2966.2006.10719.x
[47] G.Carraro, D.Geisler, A.Moitinho, G.Baume, R.A.Vazquez, Astron. Astrophys.
442, 917 (2005a); https://doi.org/10.1051/0004-6361:20053089
[48] G.Carraro, D.Geisler, G.Baume, R.A.Vazquez, A.Moitinho, MNRAS, 360, 655
(2005b); https://doi.org/10.1111/j.1365-2966.2005.09054.x
[49] J.J.Claria, J.-C.Mermilliod, A.E.Piatti, M.C.Parisi, Astron. Astrophys. 453, 91
(2006); https://doi.org/10.1051/0004-6361:20054716
16
[50] G.Carraro, R.A.Mele´ndez, E.Costa, MNRAS, 356, 647 (2005c);
https://doi.org/10.1111/j.1365-2966.2004.08495.x
[51] A.Bragaglia, M.Tosi, MNRAS, 343, 306 (2003);
https://doi.org/10.1046/j.1365-8711.2003.06668.x
[52] E.Gozzoli, M.Tosi, G.Marconi, A.Bragaglia, MNRAS, 283, 66 (1996)
https://doi.org/10.1093/mnras/283.1.66
[53] V. DOrazi et al., Astrophys. J. 693, L31 (2009); https://doi.org/10.1088/0004-
637X/693/1/L31
[54] A.B.S. Reddy, S.Giridhar, D.L.Lambert, MNRAS 419, 1350 (2012);
https://doi.org/10.1111/j.1365-2966.2011.19791.x
[55] G.Carraro, B.Anthony-Twarog, E.Costa, B.J.Jones, B.A.Twarog, Astron. J.
142, 127 (2011); https://doi.org/10.1088/0004-6256/142/4/127
[56] F.Castelli, R.Kurucz, preprint (ArXiv:0405087) (2004);
https://doi.org/2003IAUS..210P.A20C
[57] V.Tsymbal, ASP Conf. Ser. 108, 198 (1996);
https://doi.org/1996ASPC..108..198T
[58] F.Kupka, N.E.Piskunov, T.A.Ryabchikova, H.C.Stempels, W.W.Weiss, Astron.
Astrophys.Suppl. 138 (1999); https://doi.org/10.1051/aas:1999267
[59] M.Asplund, N.Grevesse, A.J.Sauval, P.Scott, Ann. Rev. Astron. Astrophys. 47,
481 (2009); https://doi.org/2009ARA&A..47..481A
[60] J.C.Overbeek, E.D.Friel, H.R.Jacobson, Astrophys. J. 824, 75 (2016);
https://doi.org/10.3847/0004-637X/824/2/75
[61] W.Whaling, J.W.Brault, PhyS. 38, 707 (1988); https://doi.org/10.1088/0031-
8949/38/5/010
[62] A.B.S. Reddy, S.Giridhar, D.L.Lambert, MNRAS, 431, 3338 (2013);
https://doi.org/10.1093/mnras/stt412
[63] A.B.S. Reddy, S.Giridhar, D.L.Lambert, MNRAS, 450, 4301 (2015);
https://doi.org/10.1093/mnras/stv908
[64] A.B.S. Reddy, S.Giridhar, D.L.Lambert, MNRAS 485, 3623 (2019);
https://doi.org/10.1093/mnras/stz468
[65] H.R.Jacobson, E.D.Friel, Astron. J. 145, 107 (2013);
https://doi.org/10.1088/0004-6256/145/4/107
[66] D.Yong, B.W.Carney, E.D.Friel, Astron. J. 144, 95 (2012);
https://doi.org/10.1088/0004-6256/144/4/95
[67] D.Yong, B.W. Carney, M.L. eixera de Almeida, Astron.J. 130, 597 (2005);
https://doi.org/10.1086/430934
17
[68] J.E.Lawler, M.E.Wickliffe, E.A.den Hartog, C.Sneden, Astrophys. J. 563, 1075
(2001); https://doi.org/10.1086/323407
18
